BY CONTRACT
Twenty-five male subjects who AB STRA(X worked with plutonium during World War 11 under extraordinarily-crude working conditions have been followed medically for a perind of 27 years. Within the paat year, 21 of these men have been examined at the Los Alsmos Scientific Laboratory, and 3 more will be studied in 1973.
In addition to physical examinations and laboratory studies (complete blood count, blood chemistry profile, and urinalysis), roentgenograms were taken of the chest, pelvis, knee, and teeth.
The chromosomes of lymphocytes cultured from the peripheral blood and cells exfoliated from the pulmonary tract were also studied.
Urine specimens assayed for plutonium gave a calculated current body burden (excluding the lungs) ranging from O.005 to 0.42 IJCi, and low-energy radiation emitted by internally deposited transuranic elements in the chest disclosed lung burdens probably of less than approximately 0.01 pCi. To date, none of the medical findings In the group can be attributed definitely to internally deposited plutonium. The bronchial cells of several of the subjects showed moderate to marked metaplaatic change, but the significance of these changes ia not clear.
Diseases and physical changes characteristic of a male population entering its sixth decade were observed.
Because of the small body burdens on the order of the maximum permissible level in these men so heavily exposed to plutonium compounds, we conclude that the body has protective mechanisms which are effective in discriminating against these materials follming some types of occupational exposures. This is presumably explained by the insolubility of many of its compounds.
Plutonium ia more toxic than radium if deposited in certain body tissues, especially bone; however, from the practical point of view, plutonium seems to be lees hazardous to handle. INTRODUCTION This is the story of how 25 young men were heavily exposed to plutonium at what is now the Los Alamos Scientific Laboratory (at Los Alemos, New Mexico) in the days of the Manhattan Project during World War 11 and of what has happened to them in the subsequent 27 years.
All but a few of the subjects of this study were college science majors who were drafted into the Army and asai.gned to a Special Engineering Detachmnt of the Manhattan Project.
All were sent to Los Alamos (Project Y) in 1944 or 1945 and given varioua technical jobs in the Chemistry and Metallurgy Research Division. In these capacities, they were engaged in processing plutonium prior to fabrication and testing of the first atomic bomb. Almost all of these subjects had body burdena of plutonium estimated from the urine assay for plutonium used ranged from 0.1 to at Los Alamos before 1950 that 1.2 pgl (0.036 to 0.08 uCi).
II. SAPETY PROBLEMS PROCESSING CONCERNED WITH PLUTONIUM
The potential danger of exposure to plutonium was recognized early in 1944 by its discoverer, Glenn Seaborg. 2 He was aware of the similarity of the radioactive properties of plutonium end radium and of the extreme toxicity of the latter element which caused bone cancer in man after deposition of microgram quantities in the body.
In an effort to learn more about the biological and metabolic properties of plutonium (and, hope- 
*
It is a matter of interest to modem day plutonium workera that the air entering the D Building was cleansed of dust by electrostatic precipitation methods.
However, air leaving the building was unfiltered for the moat part, since few, if any, of the exhauats even from plutonium-containing hoods had filters. Sometimes it was impractical to use a closed system, and chemical hoods had to be used (not made of atainleas steel in the early days). All workera were fully apprised of the hazards of plutonium (as they were then known) and were required to sign a statement saying they would abide by the safety rules. With rare exceptions, the workera cooperated to the beat of their ability, although during the tension and feverish activity of developing the first atomic weapons it was difficult to avoid some shortcuts in the observation and enforcement of safety rules.
. oil on the filter paper used for surface swipes probably decreased so~what the masurable alpha activity. The moistened paper strips used for nose counts were dried before counting; consequently, the measured activity was probably nwre accurate than that of the oiled swipes.
The geomtry of the stationary proportional counter was relatively good, approaching 50 percent.
In contrast to poorly fixed radioactivity measured by the swipe technique, portable counters developed later measured fixed as well as unfixed radioactive contamination with a rather poor geometry (10 to 15 percent). ****
The nose counts and air counts (at first one sampler in the most hazardous laboratory) were by Fig. 3 Figure 4 shows ***** During the war years, when plutonium was the primary concern of the radiochemists, the unit of measure of plutonium was usually considered to be ite weight (i.e., micrograms, grams, etc.).
In the 1950's, presumably because of the influence of the health physicists (and because chemists became more involved with physics), radioactivity (i.e., microcuries, etc.) became the unit of measure. Both units are given throughout this paper. Note that about 50 percent of the laboratories had contamination in excess of 500 counts per minute on two occasions .   TABLE I   MAXIMUM AND MINIMUM SWIPE COUNTS IiiD BUILDING (MARCH 1944)   102  103  158  110  3,319  739  32  24  642  122   116  117  9  8  58 2,500,000  9  0  37  1,198   126  127  73  44  17,832  363  19  2  28  22   138  139  7  23  448  23  6  7  33  12   151  152  30  0  79  104  18  0  36  42   211  22  22  22  22   104  399  14,560  12  150   118  244  6,m0  1 After considerable experi~ntation, the fo3.l0w-i.ng basic procedure was adapted for recovery operations (see Fig. 5 )********: (a) soluble salta of ******* The late Joseph W. Kennedy waa the leader of CMR Division. ******* It should be mentioned that not all of the recovered plutonium went through the entire procedure.
Depending upon the chemical nature and purity of the plutonium being recovered, various stepa of the total procedure were omitted. placed in a glass thimble prior to Soxhlet extraction, was heated in en oven.
As it was being remved, the glass tray supporting the thimble broke and the concentrated solution spilled on the floor.
The spilled material was aspirated by mechanical suction, from the from the and the remaining plutonium was recovered contaminated asphalt tile slabs tom up floor. When recovered end purified, this material was combined with more newly purified plutonium, end the 8-gram sample, in the form of the hydroxide, was placed in a centrifuge tube. ********* While being centrifuged, the tube broke, spilling the sample into the centrifuge cup end into the centrifuge itself.
The plutonium wee recovered once again by repeatedly washing the inside of the centrifuge with a dilute acid solu-********** tion.
Surprisingly, very little plutOnium was lost in these two accidents.
In addition to these spectacular accidents, there were also occasional spills of large volunx?s The reason for the accidents presumably was the unsuspected radiation-induced fragility of the glass vessels used in these procedures.
It was believed that alpha particles alone would not affect the glass, but irradiation by neutrons arising from interaction of alpha particles with boron in Pyrex glass had not been anticipated. ********** There is a story that great difficulty was encountered in the fluorination of this ill-fated batch of plutonium.
We have not been able to verify this . tion of the air lines was suspected, but en investigation by CM-12 has failed to show appreciable contamination.
The air pressure ia being increased.
Better respirators must be obtained quickly.
Improvements in the handling of product are being made, but it will be some time before the hesard can such as dropping a boat in the Open laboratory.
D.

Reduction Operation
Three of the subjects worked in the metal reduction operation. They developed the methods of reducing plutonium fluoride to the metal, which was *********** According to the most recent analysis by J. Lawrence, this man does have a measurable body burden of plutonium.
He is not but should be a member of the UPPU Club. then fabricated into the shapes needed in the early atomic bombs.
Before plutonium became available in quantities, preliminary experimmts were carried out using uranium and other mtallic "stand-ins." The operators aeon learned that reduction of plutonium and other metallic halides with alkali or alkaline earth metals was relatively easy but that, when operating on a small scale, the reduced metal tended to remain mixed with the cindery slag rather than to form well consolidated "buttons." ( On one of these occasions, the nose count of one operator was 11,900 counts per minute, and the laboratory in which the work was carried on was heavily contaminated. This metallurgist and his assistant both have measurable body burdens of ************ plutonium.
In Septetier 1944, this method was discontinued in favor of the "stationary bomb" method, which had been developed to the point where it was easier, quicker, and gave better results than the centrifugal method.
The principle employed in the stationary bomb method was to pack a mixture of PuF 4 and metallic calcium in refractory liners made of electrically fused MgO contained in argon-filled steel bombs.
On heating the bomb a strongly exothermlc/themic reduction reaction occurred, and the plutonium metal IV. EXPOSURE OF THE SUBJECTS . By March 1945, the plutonium urinary assay 6 =thod had been developed to the point where it could be applied to the plutonium workers. The assay system had to be extremely sensitive, as data ************
The contamination occurred during preparation of the mtallic button mentioned above. Unbeknown to their supervisors, these workers began the reduction at midnight.
The next morning the plutonium button in an appropriate container wee allegedly found on the desk of Dr. Cyril Smith, Associate Leader of CMR Division, and extensive contamination had occurred throughout the laboratory and adjacent hallways.
The workers were nowhere around but were finally located in the bar of the La Fonda Hotel in Santa Fe, where they were celebrating their success in reducing plutonium by a technique they had developed. Slurries of plutonium oxalate (from step 5 or 6 in the wet purification procedure) were poured into platinum boats and oxidized by baking in a tube furnace within a hood. The uncovered boats, containing oxide in the form of a light green powder, were carried across the room to an ordinary analytical balance also in a hood. After being weighed, these boats were carried back to a tube furnace in one of two large hoods with sliding glass doors and fired in the presence of hydrogen fluoride gas and oxygen.
The plutonium fluoride was weighed and, if the conversion was not satisfactory, the fluorination procedure was repeated. Plutonium tetrafluoride powder finally was poured into a glass container, covered, and passed on to the Reduction Group.
The 3 men working in the fluorination operation could have been exposed to plutonium dust in the form of oxelate, oxide, or fluoride. Some expOsure presumably occurred wh%le they were carrying or weighing the powdered plutonium even though respirators were always worn. Further exposure could have occurred when the wooden hoods were decontaminated (i.e., by scrubbing with scouring agents, pslnting,
etc.).
Fortunately, there were no serious accidents such as dropping a boat in the open laboratory.
D. Reduction Operation
Three of the subjects worked in the metal.
reduction operation. They developed the methods of reducing plutonium fluoride to the metal, which was ***********
Accordfn~to the most recent analysis by J. Lawrence, this mk does have a measurable body -burden of plutonium.
He is not but should be a member of the UPPU Club. then fabricated into the shapes needed in the early atomic bonbs.
Before plutonium became available in quantities, preliminary experiments were carried out using uranium and other uetallic "stand-ins."
The operators soon learned that reduction of plutonium and other metallic halides with alkali or alkaline earth metals was relatively easy but that, when operating on a small scale, the reduced uetal tended to remain mixed with the cindery slag rather than to form well consolidated "buttons." ( On one of these occasions, the nose count of one operator was 11,900 counts per minute, and the laboratory in which the work was carried on was heavily contaminated. This metallurgist and his assistant both have measurable body burdens of ************ plutonium.
In September 1944, this method was discontinued in favor of the "stationary bomb" method, which had been developed to the point where it was easier , quicker, and gave better results than the centrifugal method. Iv. EXPOSURE OF THE SUBJECIS . By March 1945, the plutonium urinary asaay . uethodb had been could be applied assay system had ************ developed to the point where it to the plutonium workers. The to be extremely sensitive, as data
The contamination occurred during preparation of the metallic button mentioned above. Unbeknown to their supervisors, these workers began the reduction at midnight.
The next morning the plutonium button in an appropriate container was allegedly found on the desk of Dr. Cyril Smith, Associate Leader of CMR Division, and extensive contamination had occurred throughout the laboratory and adjacent hallways.
The workers were nowhere around but were finally located in the bar of the La Fonda Hotel in Santa Fe, where they were celebrating their success in reducing plutonium by a technique they had developed. aSubject Nos. 14 and 15 were dropped because of the death of one subject of coronary heart disease and the low body burden of the other es determined by modem assay techniques.
b This column was added to the table given in reference 6 and representa the sum of all high nose counts (both nostrils).
c Incomplete records were available for these cases.
had a body burden of 0.5 Ug or more cOmpared with 3 in 11 persons with lower levels. Furthermore, 6
of the 8 persona with total nose counts exceeding 10,000 counts per minute were in the former group.
In Fig. 8 protein, albumin, globulin, A/G ratio, total lipid, SGOT, LDH, creatinine, glucose BUN, and urea).
Roentgenogrsms were also taken of the chest, pelvis, and teeth.
Except for the ailments that one would expect in a group of men mostly in their early fifties, all subjects examined were in remarkably good health.
One man had a coronary occlusion but had recovered and was well compensated, end another of the original group died in 1959 of a coronary at age 38.
Another had a hamartoms of the lung surgically (Table IV) , was 30 nCi. Most probably the excellent agreement is fortuitous.
Comparing the minute quantities of plutonium deposited in the body (excluding the lungs) with the large amounts to which the subjects had been exposed, we can only conclude that the gastrointestinal tract has a remarkable ability to exclude plutonium from entering the body. Had plutonium been as readily absorbed aa radium, all subjects would unquestionably have lethal body burdens of radioactivity.
One of the first references to estimates of the body burdens of the subjects included in this report is found in the 1952 annual report of the Biomedical This isasub5ect ----of a future report.
bOne maximum permissible level (MPL) = 0.04 pCi.
these studies has been carried out at the Univer-12 sity of Utsh Fkdical School.
On December Radium daughter products deposit in bone, thoron is exhaled, and consequently both bone and lung tissue are irradiated.
Finally, the chromosomes of blood lymphocytes of patients with body burdens of radium have been analyzed; many of these patients were exposed prior 22,23 to World War II.
In both Thorotraat and radium patients, marked excesses of chromosome aberrations were reported. Since exposure to tobacco smoke and other toxic materials is known to alter the normal cytology of bronchial cells, it is difficult to interpret the observed effects. Primarily for this reason, we have asked all of our subjects to give up smoking.
There is also a need to develop a standardized nommclature to be used in reading and reporting sputum specimens. At periodic intervals, we will send bottles containing fixative for collecting sputum samples to each subject, who will then return the samples to us for analysis. If anyone shows more than a moderate cellular atypia, he will be asked to submit samplea more frequently. We will also obtain sputum samples for cytological examination from local nonexposed personnel of the same age and smoking habits for purposes of comparison.
VI.
CONCLUDING REMARRS
This report attempts to reconstruct the exposure conditions of Los Alamos plutonium workera during World War II and gives factual data on estimated body and lung burdens of plutonium, ss.well as medical end laboratory findings. A more comprehensive interpretation of these data will be the subject of a future report. A. Floors: A special corp of janitors assigned to these laboratories spend all their time on this job. They work under the supervision of a head janitor and a "laboratorian ." In order to get good results and to keep the floor counts low, it is necessary for the floors to be covered with a smooth hard surface of wax.
ACKNCULEDGMENTS
There does not seem to be much difference in the kinds of wax that we used so we have settled on the water-soluble floor wax supplied by the janitor service. Our present floors are made up of some asphalt tiles known by the trade name of "Mastic."
In some new laboratories we plan to use a smooth asphalt surface with an MgO base.
Routine Cleansing:
All floors are mpped once a day; floors of hot laboratories are mopped twice a day or oftener.
They are wet mopped with a good lather of Imry soap, followed closely with a dry (wrung out) mop.
It is essential that the janitors be meticulously careful about covering the entire floor.
The results are better if the wash and rinsing water be kept separate.
By this method it has been possible to keep the floor counts in most labs below 100.
In our "hottest" laboratories, the counts are always below 500. We are now using so= detergents h an effort to obtain better results.
2.
Decontamination after Spillage: This is done by a trained decontamination squad.
The floor is first mopped with Ivory soap. The wax is then removed with boiling hot water, followed by kerosene and steel wool. The floor is then painted with two coats of any thick paint which will stick to the surface.
B.
Desk Tops of Laboratory Benches: Every working surface is covered with a smooth surface preferably glass.
Porous surfaces are covered with enamel paint before they are used for work.
If they are contaminated by accident, an effort is made to seal them in the material by painting rather than to remove the contaminated part of the desk top.
In the case of the lab benches made of "Kemrock" (the ordinary black surface made by the Kewaunne Mfg. Co., Adrian, M1.ch.) the surface responds to ordinary methods of decontamination although it appears to be porous. The same company puts out a surface paint of the same material., called "Kemrock Wipe Coat," which can be used to paint over contaminated surfaces.
1. Routine Cleaning: Smooth surfaces can be quite successfully decontaminated by wiping with a clean cloth wet with spindle oil. An excess of oil is used and this is follcwed by a clean dry cloth.
The secret of the successful use of this method is to change cloths very frequently.
The surface count is usually reduced below 50 per minute by this method.
Decontamination
after Spillage (or after contamination from droplets produced by evaporation):
First wipe the surface with 1~HCl solution followed by dry rag, then clean with oiled rag as above.
c.
Hands : Before starting work, spread thin coating of spindle oil over both hsnda; this must be done very carefully.
Decontaminate gloves before reuxwing them; remove gloves using surgical technique so as not to touch outside surface with hands.
Apply coat of West's Sulfo soap to hands, moisten with water and lather, rinse; repeat with Sul.fo soap and finally wash with Ivory soap.
The success of this method depends upon how well directions are followed particularly insofar as spindle oil is reapplied after each washing of the hands. It has been our experience that it is usually possible to reduce the hand counts to a few hundred or lees by mans of this method.
D. Gloves and Respirators:
A 10 percent solution of the detergent "aerosol" is used for decontamination of rubber articles. Other detergents do not seem to work as well. The solution containing acetic acid formerly used by us has been discontinued because the acid tended to injure the rubber and was hard on the skin if not properly removed.
The gloves are washed every day (after one wearing). They are rubbed and swished around in the solution until clean. This is quite time consuming as about two minutes is required for each glove (we hope to cut this down by getting each person to decontaminate his own gloves after wearing).
The rubber respirator facepieces are cleaned once a week if their count is over 50.
E.
Glassware: l%is is cleaned by running each piece of gleesware through the following solutions:
1. water 2. Ivory soap water followed by rinsing 3. cleaning solution followed by rinsing 4. Ivory soap and water followed by rinsing 5. distilled water Popham says that the results seem to be satisfactory but he will not guarantee them. Not very much work has been done on this problem.
F.
Tools: Can be decontaminated with an oiled rag as described above. Use clean cloths and clean frequently.
2.
Masks : We have used only Wilson respirators and positive pressure masks. Most of the respirators put out by this company have filter pads which are satisfactory for this type of dust. Their chief disadvantage is in their failure to fit properly but we have found that one of the following three types will fit just about any type of face:
200L, 5L and 750. We are careful to fit each mask to the person before letting them go into use.
As far as the positive pressure masks are concerned we have not tried the A.M.S. type because they did not appear as satisfactory as the Wilson type as described in their catalogues.
We have modified the masks by putting on softer tubing onto the facepiece since there were some complaints about the stiff tubing supplied by the company and by placing the filters on the wall rather than on the belts.
The tubes are fastened to the belts to avoid the mssks being jerked off the faces of the men if the tubing gets caught.
We have still not been able to put the positive pressure masks in general usage because of the crowded conditions in our laboratories.
The Eastman masks which I described to you over the telephone appear to be the most satisfactory of all, but have not been well tested.
If you see them and consider having some made up we would be very interested in placing an order at the same Each employee heavily exposed to plutonium wee granted 2 days off with full pay* prior to reporting to the hospital, where he stayed for 24 hours.
During this time, an uncontaminated or minimally contaminated 24-hour urine sample was collected using all practical procedures to minimize contamination. Upon entering the Health Paes Ward, the men shwered and changed into hospital pajamas, which were worn throughout the collection period.
White mortician's gloves were used while collecting ** the urine specimens. Table I shows the rather striking differences recorded for urinary excretion of plutonium in 6 subjects who collected urine samples both at home and in the hospital.
The data are shown es originally presented by Wright Lsnghsm at a plutonium conference in May 1945 and documented in a report * Employees, particularly those in military service, were forever grateful to Lsnghem for the 2-day leave away from the "Hill," as the mesa was celled.
**
Lsnghsm's favorite story had to do with the enormous quantities of urine passed by many of the plutonium workers while in the hospital ward.
The eub$ects, usually G. I.fs, were able to obt~m beer from the nearby PX by some mans end drank this in substantial quantities.
Fortunately, plutonium output is independent of quantity of urine. According to Lsngham, the champion was a men nickn-d Piss Porter (not his real name). Also of interest is another table (Table II) from the same report,l which gives some information on the then current average urine blanka of 0.5 count per minute (per 24 hours) and recovery values for the urine essay procedure.
In the early days, data were often presented se counts per minute. The efficiency of the proportional counter used at the time is uncertain but probably approached 50 percent.
In an effort to minimize costs, the procedure was modified in 1947 to eliminate the 2-day health pass period, but the employee still reported to the In addition to techniques such as alpha spectrometry and proportional counting, plutonium can be measured also in the urine by a track etch procedure follcwing neutron irradiation. In the latter system, neutrona are used to produce fission fragments, usually in a thick plastic material supporting the plutonium-containing sample. The damaged areae of the plastic are then etched and can be quantitated by use of optical means or spark 3 counters.
Although not in wide use at present, this system ia said to offer a considerable improvement over others in terms of sensitivity.
ESTIMATES OF BODY BURDEN FROM BIOASSAY TECHNIQUES
Urine assay data are used es the basis for The quantity (Q) in the lung at time t following acute deposition after initial clearance of an amount (Qo) of insoluble plutonium is:
Q .~e-at.
(Eq. 5)
The overall elimination rate (1) We believe It is worthwhile to point out that there is concern and interest for these subjects even though many years have passed since they worked with plutonium. In an effort to localize plutonium, particularly in the hilar lymph nodes, an intraesOphOgeal 1 probe is being developed.
All of these instruments measure low-energy x-rays or gamma rays from plutonium or contaminant radionuclides such as 241&
24$U The radiation energies formed by decay of .
of greateat interest are the 17-to 20-Kev uranium
24%
and the 60-Kev ga L x-rays from mna ray from 241ti
La?-energy x-rays also emitted by 241k must be differentiated from those given off by plutonium.
The system used at the Los Alamos Scientific Laboratory to neasure in vivo deposits of plutonium in our subjects is comprised of two combined crys- Measurements must be made also in "lww-background" counting chambers constructed of massive iron shielding.
